INTRODUCTION
Parasympathetic and sympathetic control of the pupil Pupillary size is regulated by the autonomic nervous system. Two antagonistic smooth muscle systems of continuouslyvarying activity result in a dynamic equilibrium that is expressed as pupil diameter. The pupillary sphincter is activated by the parasympathetic innervation of the eye, mediated by acetylcholine as the neurotransmitter. The opponent of the pupillary sphincter is the sympathetically innervated pupillary dilator muscle, where noradrenaline is the neurotransmitter. The pupillary light re¯ex and near response are driven primarily by increased parasympathetic activity, while the resting size of the pupil diameter in darkness and in response to emotional changes are determined primarily by changes in sympathetic activity (Lowenstein et al. 1963) .
The pupillary dilator muscle exerts a much smaller force on pupillary size than does the pupillary sphincter. However, central modulation of sympathetic and parasympathetic activity result in a dynamic equilibrium of pupillary size. Increases in sympathetic activity are characteristically accompanied by central inhibition of parasympathetic activity. This central inhibition is mediated by two separate pathways. A noradrenergic pathway connects the locus coeruleus to the Edinger Westphal (EW) nucleus, while a second pathway connects the A1/A5 nuclei in the brainstem to the Edinger Westphal region by way of the hypothalamus (Szabadi and Bradshaw 1996) . The second pathway is thought to be GABA-ergic. Activity in the central sympathetic inhibitory pathways diminishes with age. Average pupillary size is maximal between the ages of 15 and 20 years, and shows a continuous decrease of 0.4 mm per decade (Loewenfeld 1993) .
Sleepiness-related oscillations of pupil size in darkness
Central inhibition of the parasympathetic EW nuclei diminishes with the reduced levels of central sympathetic activation that accompany decreasing alertness, while sleepiness is characterized by an unstable drift of central sympathetic activation. This instability of central sympathetic inhibition is thought to be the underlying cause of the increased spontaneous¯uctuations in pupil size found in sleepy subjects. This uctuation is very characteristic for sleepiness, and is not found in alert subjects, whose pupillary size remains stable for long periods of time (Lowenstein et al. 1963; Yoss et al. 1970; Schmidt and Fortin 1982; Newman et al. 1989; Newman and Broughton 1991; Merritt et al. 1994) .
Circadian changes in pupil size and the pupillary light re¯ex
There have been multiple attempts to characterise the circadian changes in basic pupil size and the parameters of the pupillary light re¯ex (DoÈ ring and Schaefers 1951; Tiedt 1963; Borgmann 1966; Lavie 1979) . The results of these studies have been partially contradictory. However, while Loewenfeld described very speci®c experimental conditions under which fatigue of the pupillary light re¯ex can be demonstrated, these studies have not consistently reproduced these conditions (Loewenfeld 1993) . Consequently, a recent study by Ranzijn and Lack concluded that the pupillary light re¯ex under most circumstances cannot be used to measure sleepiness (Ranzijn and Lack 1997) . There has been no prior study of daytime changes in spontaneous pupillary oscillations.
Pupillographic sleepiness test
The pupillographic sleepiness test (PST, by AMTech, Weinheim, Germany) as used in the present study (LuÈ dtke et al. 1998) shows signi®cant changes in sleep-deprived normals during periods of forced wakefulness (Wilhelm et al. 1998b) . It also detects dierences between hypersomnic patients and normal subjects (Wilhelm et al. 1998c) and can accurately document the therapeutic eect of positive airway pressure in sleep apnea patients (Wilhelm et al. 1998a; Wilhelm et al. 1998d) .
Purpose
Circadian oscillations in a variety of physiological parameters, such as body temperature, melatonin and cortisol levels, have been correlated with a variety of performance tasks (Monk et al. 1997) ; and circadian changes in sleepiness have been studied by the multiple sleep latency test (MSLT) and correlated with¯uctuations in subjective ratings of sleepiness (Richardson et al. 1982) . We report here on spontaneous pupillary oscillations during a prolonged experiment lasting 30 h. In the present study we investigated whether the PST is capable of measuring¯uctuations in levels of alertness during daytime in young healthy subjects. Additionally, we determined whether daytime¯uctuations in pupillary unrest match those of a former comparable study with the multiple sleep latency test (MSLT) (Richardson et al. 1982) .
METHODS

Subjects
The subject recruitment and experimental procedures for this study conformed to the Declaration of Helsinki and were approved by the Ethics Committee at the University of TuÈ bingen. Thirteen healthy subjects between 24 and 32 years (5 females, 8 males) took part in the study. Most of the subjects were University students, and all had given their informed consent. Inclusion criteria for subject selection included a history of a normal nycthemeral schedule (sleep at night, awake during the day), no family history of psychoses and no historical indications of sleep disorder. All subjects were nonsmokers and reported consumption of less than ®ve cups of coee or black tea per day. Subjects were instructed to maintain their normal sleep schedule for at least ®ve nights before the test, and to avoid consumption of alcohol or caeine after three o'clock on the afternoon before the day of testing. During the ®rst two days of this ®ve-day period, they were brought into the laboratory for familiarization with the experimental setting, the methods of pupillography, the use of self-rating scales for the characterization of subjective sleepiness and the tests to be used as part of an associated psychiatric study. (The latter study is to be published elsewhere and included recordings of smooth pursuit eye movements (SPEM) and continuous performance test done every two hours). For each set of experimental recordings, pupillography was done ®rst so as to avoid additional fatigue associated with the other experimental tests. The primary experiment lasted for 30 h, starting on the morning of day three and continuing until 14.00 h on day four, including a night of forced wakefulness. During this period, subjects were permitted to read, play games or listen to music between the times of the experimental recordings and were permitted to walk about within the immediate area of the testing. They were kept under constant observation to ensure wakefulness and to avoid involuntary napping. Alcohol and caeine were not permitted, and light meals were provided during free times. Data collected for the present study was recorded at 15 dierent observation times. Infrared video pupillography was performed every two hours for the entire 30 h test period, and each pupillographic recording was followed by completion of the subjective rating of sleepiness form.
Setting of the pupillographic sleepiness test
All measurements were performed in a quiet and semidarkened (2 cd m )2 ) room following a period of adaptation. Complete dark adaptation was not necessary, as spontaneous pupillary oscillations in darkness were to be recorded, while pupillary light re¯exes were not under study (Loewenfeld 1993) . Room temperature was 20±23°C. During pupillography, subjects wore goggles equipped with infrared light transmitting ®lter glasses, impervious to visible light. Energy levels of the infrared light source were comparable to those from a small handheld¯ashlight. Subjects were seated on a comfortable chair while wearing these goggles, and head position was adjusted by a chin rest mounted on a small table. An infrared video camera was ®xed at a distance of 70 cm from the examination subject. Study participants were instructed to maintain ®xation on a group of infrared light-emitting diodes. Spontaneous pupillary movements were recorded over a period of 11 min using infrared video pupillography. Methodological details of this technique and processing of the data have been described elsewhere (LuÈ dtke et al. 1998 ). See Fig. 1 .
Parameters of evaluation
1 Pupillary unrest index (PUI) is a measure of pupillomotor instability in darkness. It is calculated as an integrated sum of the slow movements of the pupillary margin during the measurement period and values are expressed in units of mm min )1 . The more unstable the position of the pupillary margin is, the higher the value of the PUI. This value is characteristically low in alertness, and is high during periods of sleepiness.
2 The mean of the summed amplitude spectrum values (mm) at all low frequencies £0.8 Hz during an 11 minute period of measurement was calculated by Fast Fourier Transformation (FFT). This provides a measure of the total amplitude of pupillary movement at low frequencies during the period of observation. Such a recording in a subject with marked sleepiness will have a high value.
3 The initial pupil diameter was de®ned as the mean of the values obtained during the ®rst 82 second time segment at the start of each 11 minute recording sequence. This was done to avoid an artifactual underestimation of pupillary sizes when calculating the mean for the entire record. 4 The Visual analogue scale (VAS) is a 10-cm scaling normogram. Values between`wide alert' (at the far left) tò extremely sleepy' (at the far right) are obtained and expressed in cm. 5 The Stanford Sleepiness Scale (SSS), is a seven step standardized subjective rating scale for estimating sleepiness. The subject is asked to estimate his subjective level of sleepiness based on this scale (Hoddes et al. 1973) .
Statistics
During the 30 h experiment, each of the 13 subjects completed a pupillographic recording every two hours, for a total of 15 recording periods. These data were used to characterise the daytime variations in the amplitude spectrum, the PUI and the initial pupil size, the SSS and the VAS values. Signi®cance levels for statistical analysis were set to either 0.05 or 0.01, as given below.
Parameter analysis (a) ANOVA. To test for the main eect of time, a mixedmodel univariate analysis of variance was performed. If the sphericity assumption was violated (P < 0.05), the Huynh±Feldt correction was used. Orthogonal polynomials were used for the trend analysis. With respect to the noncontinuous properties of the SSS we applied the nonparametric Wilcoxon test for the comparison with the daytime mean mentioned below and, additonally, the Friedman two-way ANOVA for time-of-day eect in SSS.
To make the SSS results comparable in Table 1 to the other parameters we also used ANOVA for SSS data.
(b) Comparison to daytime mean. In a further analysis, the mean value (n 13) of each parameter was calculated for merely the time period from 09.00 h to 23.00 h to estimate the daytime-value without sleep deprivation of this group. In order to gain more information about certain troughs and peaks of the circadian curve and not only an eect of time in general (ANOVA), each single value at the 15 dierent times of recording was compared with this daytime mean by a paired t-test.
(c) Interindividual correlation. The correlation between subjective data and pupil parameters was tested by calculation of Spearman rank coecients for pairs of parameters. We calculated these coecients and the associated P-values of two-tailed signi®cance for the group of 13 subjects at each time of the measurement (15 times during 30 h).
(d) Intraindividual correlation. Additionally, in each individual the relationship between pupillary behaviour and subjective rating over the course of the entire experiment was of interest. Spearman rank coecients were calculated for pairs of parameters. We carried out a Wilcoxon matched-pairs signed-rank test to check the signi®cance of the median correlation coecient for each pair of variables and each single of the 13 subjects. In the result section (a) to (c) refers to the above type of statistical analysis.
RESULTS
Pupillary unrest index (PUI)
The lowest values for the PUI were found at 09.00 h, corresponding to a high level of alertness following a complete night of sleep, in subjects who had already completed several nights of undisturbed rest (Fig. 2) . There was a detectable increase in PUI values during the later part of the morning as well as a subtle peak for the daytime hours at 3 p.m. In the later hours of the afternoon PUI decreased, reaching a lowlevel comparable to the 09.00 h value at 23.00 h.
(a) ANOVA showed a strong diurnal eect on PUI with a signi®cant linear and quadratic trend (Table 1) . (Huynh± Feldt, source of variation: within and residual, DF 34.26, F 13.88; source of variation: time Huyhn±Feldt Epsilon 0.20, DF 2.86, F 13.88, P < 0.001). (b) 09.00 h (two-tailed t-test for paired samples, P 0.003, DF 12, T )3.80) and 23.00 h (two-tailed t-test for paired samples, P 0.001, DF 12, T )4.38) were the only times at which the PUI diered signi®cantly from the rest of the day hours. There was a strong increase in PUI during forced wakefulness, and although values showed a decrease beginning at 09.00 h the following morning, the PUI remained signi®-cantly higher (two-tailed t-test for paired samples, P 0.002) up until and during the ®nal pupillary recording done at 13.00 h.
Amplitude spectrum of slow pupillary oscillations £0.8 Hz (a) ANOVA showed a strong time-of-day-eect in the amplitude spectrum. The linear and quadratic trend, as well as two trends of higher order (Huynh±Feldt, source of variation: within and residual, DF 43.54, F 15.26; source of variation: time Huyhn±Feldt Epsilon 0.26, DF 3.63, F 15.26, P < 0.001) (Table 1) were signi®-cant. We have chosen to illustrate the PUI graphically (Fig. 2) 09.00 h (two-tailed t-test for paired samples, P 0.006, DF 12, T )3.37) and the record at 23.00 h (two-tailed t-test for paired samples, P 0.003, DF 12, T )3.63) were signi®cantly dierent. (c) Amplitude spectrum of slow pupillary oscillations and the PUI correlated signi®cantly (P £ 0.01, two-tailed) at any given time of pupillary measurements (correlation coecients 0.76± 0.99).
Initial pupil diameter
The initial pupil diameter (means of 13 SD) as a function of time is shown in Fig. 3. (a) ANOVA revealed a signi®cant time-of-day eect on initial pupil diameter. The linear and one of the higher order trends showed signi®cance (Table 1) . (b) Comparison with the daytime mean (mean SD: 7.24 0.40 mm) revealed a signi®cant dierence for the 09.00 h record (largest pupil size, two-tailed t-test for paired samples, P < 0.001). In the afternoon hours, pupil size showed a nonsigni®cant trough at 15.00 h while the 17.00 h pupil diameter was signi®cantly larger than the daytime mean. From 19.00 h until the end of the experiment, pupil size was signi®cantly smaller at any time of recording compared to the daytime mean. (c) Initial pupil size did not correlate signi®cantly between subjects with either amplitude spectrum or PUI at any time during the recording periods.
Stanford Sleepiness Scale (SSS) and Visual Analogue Scale (VAS) (a) In the Friedman two-way ANOVA a high level of signi®-cance was found for the time-of-day-eect (Table 1) . (b) Subjects were found to have the lowest values at 09.00 h, followed by a steady increase until 21.00 h (Fig. 4) . The 09.00 h value was signi®cantly lower than the average daytime value (two-tailed t-test for paired samples, P 0.001, DF 12, T )4.27). After 11 p.m. subjective rating of sleepiness was signi®cantly higher than the daytime mean (mean SD: 2.27 0.59). Values for the SSS rose steadily during the night of sleep deprivation and until completion of the period of observation. VAS and SSS scores correlated signi®cantly with one another. We have therefore chosen to present only SSS results graphically. (c) Interindividual correlation between SSS and PUI or amplitude spectrum was nonsigni®cant at any time of measurement. The Spearman rank coecients ranged from )0.53 to +0.52 for the relationship between SSS and amplitude spectrum and from )0.53 to +0.50 for SSS/PUI. VAS and PUI correlated with coecients between )0.65 and +0.46 (amplitude spectrum between )0.69 to +0.65). From 17.00 h of the ®rst day to 07.00 h of the second day, a negative correlation between the VAS rating and the amplitude spectrum was observed consistently and showed statistical signi®cance at 19.00 h, 21.00 h, 23.00 h and 01.00 h (amplitude spectrum: 19.00 h, 23.00 h and 01.00 h).
Intraindividual correlations
SSS and VAS correlated signi®cantly with the PUI or the amplitude spectrum (two-tailed signi®cance level P < 0.05, mostly P < 0.001) in all but one subject. Spearman rank coecients between 0.49 and 0.89 were found. Table 2 gives the mean and median correlation coecients and standard errors, showing a signi®cantly correlated relationship between subjective sleepiness rating and measures of pupillary variables.
DISC USSION
During the 30-h period of the experiment, time-of-day was found to have a strong eect on the calculated parameters used to quantify initial pupil size and subsequent pupillary instability. The temporal curves for the amplitude spectrum and the PUI had a biphasic shape with higher values during the night time than during the day, while the curve for pupillary size had an inverse shape with lower values during the night and higher values during the day. Spontaneous low frequency pupillary movements indicated highest level of alertness in the young subjects in the morning (09.00 h) and late in the evening (23.00 h). These results are comparable to those obtained by the multiple sleep latency test (MSLT), another objective measure of daytime sleepiness. The minima and maxima of alertness measured by the PST match the ®ndings reported in young adults for the MSLT (Richardson et al. 1982) . Both the duration and the frequency of the measurements in Richardson's study were very close to ours, while the MSLT usually consists of only four or ®ve recording times a day. This agreement of ®ndings in PST and MSLT suggests that both methods are measuring and quanti®ying the same basic level of alertness, i.e. the level of central nervous system activation (Weeû et al. 1998) . Richardson et al. found a daytime peak of sleepiness at 15.00 h (Richardson et al. 1982 ) that was more pronounced in elderly than in young adults, but the statistical signi®cance of this afternoon peak was not tested. The afternoon peak was also present in our group of young subjects measured by the pupillographic sleepiness test; it did not show statistical signi®cance compared to the daytime mean.
The reason for the late evening peak of alertness found by PST in young subjects that was also reported by means of MSLT (Richardson et al. 1982) remains unclear. It seems very unlikely that the experimental set-up should have had any alerting eect on the alertness level because at that time all subjects had been measured for more than 12 h and were well adapted to the test procedures.
The signi®cant increase in the PUI during the night of forced wakefulness found in the present study corresponds well with our results of an earlier sleep deprivation experiment that was also carried out in young adult subjects. The latter study was con®ned to the time from 20.00 h to 06.00 h. (Wilhelm et al. 1998b) . A strong decrease of central nervous system activation was also found by the MSLT in sleep-deprived normals .
Subjective scales often lack signi®cant interindividual correlation with objective measures of sleepiness (Richardson et al. 1982; Moldofsky 1992) , even though both parameters have similar tendencies, while groups of subjects selected according to subjective data criteria clearly dier in their objective data criteria as well Koerner et al. 1998) . Although the temporal curves of subjective sleepiness scales were of similar shape as the timecourse of the PST, the relationship between objective and subjective data was not close. Signi®cant negative correlations were found between the pupillary parameters and the VAS between 17.00 h and 07.00 h. As this time period includes the trough of the circadian temperature curve (Richardson et al. 1982; Monk et al. 1997) , one could hypothesize that lower body temperature in¯uences subjective perception of sleepiness. The discrepancy between weak interindividual and strong intraindividual correlation, as found in our study, may indicate that the level of increasing pupillary unrest associated with sleepiness diers from one individual to the next and/or that subjective sleepiness increases dierently among individuals, depending on their self-perception and capacity for introspection.
Somewhat contradictory results were reported regarding changes in resting pupil diameter (DoÈ ring and Schaefers 1951; Tiedt 1963; Borgmann 1966; Lavie 1979) , in part due to methodological dierences or to details of pupillographic technique. A recent study (Loving et al. 1996) concluded that there was no diurnal rhythm in basic pupil size, but no information was provided about methodical details concerning calculations of pupil size as well as background illuminance of the measurements. Our ®ndings for daytime variation in initial pupil size correspond to those of DoÈ ring (DoÈ ring and Schaefers 1951), in that a maximum was found in the morning (08.00 h), and also correspond to those of DoÈ ring and of Borgmann (Borgmann 1966) , in that a transient afternoon minimum (15.00 h) was found.
Spontaneous pupillary oscillations in darkness proved to express daytime¯uctuations in central nervous activation. The relationship of this measure to other physiological functions and their diurnal rhythms (e.g. respiration, systemic blood pressure, and heart rate) should be interesting topics for future investigation.
